(SP) increased intracellular free Ca2l ([Ca2"] 
INTRODUCTION
Hydrophobic lipid-breakdown products, such as diacylglycerol, arachidonic acid and prostaglandins, are potent mediators and modulators of the signal transduction in several cell systems, including thyroid cells [1] [2] [3] . Substantial efforts have been made to investigate the mechanisms regulating Ca2+ influx as a result of activation of the Ptdlns(4,5)P2/Ins(1,4,5)P3 pathway, or by direct emptying of intracellular Ca2+ pools [4] [5] [6] [7] [8] [9] . We have shown that protein kinase C (PKC) has a powerful modulatory effect on Ca2+ fluxes in thyroid FRTL-5 cells [9, 10] . A metabolite of the membrane lipid sphingomyelin, sphingosine (SP), has previously been shown to be a potent inhibitor of PKC, and it has been suggested that SP may be an endogenous inhibitor of PKC in cells [11, 12] . Furthermore, SP and its derivatives have been shown to activate the release of sequestered Ca2+ [13] [14] [15] [16] [17] . In addition, SPs have been implicated as potent inhibitors of calmodulin-dependent enzymes [18] , an interesting observation considering that calmodulin may be of importance in regulating Ca2+ fluxes in FRTL-5 cells [19] .
SP derivatives are also potent mitogenic agents, and the mitogenicity may be linked to the formation of arachidonic acid [14, 15] . Arachidonic acid and its metabolites may be important in the regulation of Ca2+ entry in FRTL-5 cells [20] , and may be of significance in regulating the proliferation of FRTL-5 cells [21] . These [22] [insulin, 10 jig/ml; transferrin, 5 jug/ml; cortisol, 10 nM; the tripeptide Gly-L-His-L-Lys, 10 ng/ml; thyroid-stimulating hormone (TSH), 0.3 m-unit/ml; somatostatin, 10 with 1 #uM Fura 2-AM for 30 min at 37 'C. After the loading period, the cells were washed twice with BSS, incubated for at least 10 min at room temperature, and washed once again. The cells were added to a q'uartz cuvette, kept at 37 'C, and stirred throughout the experiment. Fluorescence was measured with a Hitachi F2000 fluorimeter. The excitation wavelengths were 340 and 380 nm, and emission was measured at 510 nm. The signal was calibrated by addition of 1 mM CaCl2 and digitonin to obtain Rmax. Chelating extracellular Ca2+ with 5 mM EGTA and addition of Tris base were used to elevate pH above 8.3 to obtain Rmin.
[Ca2+]i was calculated as described by Grynkiewicz et al. [23] , by using a computer program designed for the fluorimeter, with a Kd value of 224 nM for Fura 2.
Cell permeabilization and measurement of free [Ca2+] The cells were grown as described above. The cells were then harvested as described for intact cells, and were loaded with Fura 2-AM. After washing the cells once by centrifugation (80 g; 5 min) in buffer A (containing: KCI, 125 mM; Hepes, 25 mM; KH2PO4, 2 mM; EGTA, 0.25 mM; and BSA, 1 mg/ml; pH 7.0), and once with buffer B (identical with buffer A, but containing no EGTA), the cells were added to the cuvette and allowed to equilibrate to 37 'C. The cells were then permeabilized with 5 ,uM digitonin. After a stabilization period (3-4 min), the test compounds were added. The excitation and emission wavelengths and the calibration procedure were identical with those used for the [Ca2+]1 measurements. The efficiency of the permeabilization was assessed by Trypan Blue uptake. By this protocol, more than 94 % of the cells were permeabilized.
Incubation with pertussis toxin
The cells were treated with pertussis toxin (50 ng/ml) for 24 h [24] , and then harvested and loaded with Fura 2 as described above.
Measurement of phospholnositides In FRTL-5 cells
The cells were incubated with myo-[3H]inositol (6 uCi/plate) for 48 h, and then harvested with trypsin as mentioned above. The cells were incubated for 10 min at 37°C in BSS buffer, and for 10 min at 37°C in BSS buffer containing 10 [3HjArachidonic acid release
The cells were incubated with [3H]arachidonic acid (0.1 uCi/ml) for 24 h [27] in 35 mm-diam. plastic dishes. The procedure is a modification of that described previously [28] . After the incubation the cells were washed three times (5 min intervals) with release buffer (NaCl, 134 mM; KCI, 4.7 mM; glucose, 5 mM; CaCl2, 2.0 mM; MgSO4, 1.2 mM; KH2PO4, 1.2 mM; NaHCO3, 2.5 mM; Hepes, 10 mM; pH 7.2; and 0.1 % BSA). The cells were then incubated in 750 ,ul of the release buffer for the times indicated with the appropriate agents. Then a 600 ,ul portion was removed and counted for radioactivity in a 1214 Rackbeta liquid-scintillation spectrophotometer.
Statistics
The results are expressed as means+ S.E.M. The traces shown are representative traces of at least five independent experiments. Statistical analysis was done by Student's t test for paired observations. Analysis of variance was used for testing three or more means. Figure 5 ). However, at 22°C, the onset of the effect of SPC was not different from that observed at 37°C, although the overall kinetics were different ( Figure 5 ).
RESULTS

Effects
The conversion of SP into SP 1-phosphate is mediated by a kinase, SP 1-kinase, which can be inhibited by DL-threo-SP [29] . Figure 7 ). Pertussis toxin pretreatment had no effect on the SP-evoked increase in effect of pertussis toxin was seen on the ATP-evoked increase in
[Ca2+]1, when ATP was added to the cells after stimulation with SPC ( Figure 7) . Furthermore, pertussis toxin had no effect on the SP-or Ca2+ pools. The mechanism of action of these compounds still remains unknown. SP has been shown in previous studies to activate [32] or to have no effect on [17] the PtdInsP2/InsP3 pathway. We did not investigate the effect of SP, but observed no effect of SPC on the PtdInsP2/InsP3 pathway, a result similar to that of previous studies [15, 16] . However, the inhibitory effects of PMA and pertussis toxin on the SPC-evoked changes in [Ca2+], were similar to the effects of these compounds on the ATPevoked changes in [Ca2+]1 [7, 10] , suggesting some similarities between the mechanisms regulating the PtdInsP2/InsP3 pathway and the SPC signal-transduction pathway.
One possible mediator of the effect of both SP and SPC is SP [13] ). SPs are reported to be potent inhibitors of PKC activity in cells [11] . We [15] , although no information on the nature of these putative pathways is at present available.
SPs have been shown to inhibit calmodulin-dependent enzymes [18] . We have observed that the calmodulin inhibitor W-7 depleted intracellular Ca2+ pools and decreased Ca2+ influx in FRTL-5 cells [19] . A possible role for calmodulin in regulating Ca2+ fluxes has been suggested in some recent reports [33, 34] . However, both SP and SPC enhanced Ca2+ entry in our cells, which is not expected if the effects of these compounds were the result of inhibition of calmodulin. However, we cannot exclude the possibility that part of the effect of SPC on the ATP-and thapsigargin-evoked changes in [Ca2+]1 could be due to inhibition of calmodulin. This aspect is now the object of further studies.
Both SP and SPC have been reported to be potent stimulators of mitogenesis in cells [14, 15] . In FRTL-5 cells, TSH is necessary to stimulate proliferation [22] . In addition, the TSH-induced stimulation of phospholipase A2 may be of importance in this mitogenic response [21] . We ([20,31] ; K. T6rnquist and E. Ekokoski, unpublished work). Thus our results suggest that SPC activates phospholipase A2 via some Ca2+-independent mechanism. In addition, the arachidonic acid produced may participate in the mitogenesis induced by SPC [21] . Further studies are, however, needed on the mitogenic effects of SP and SPC in FRTL-5 cells.
In conclusion, we have shown that SP, and especially SPC, are potent modulators of Ca2+ fluxes in FRTL-5 cells. Furthermore, both SP and SPC have mitogenic effects in these cells. It is thus possible that endogenous sphingolipids may have an important regulatory function in FRTL-5 cells.
